[1] We synthesize field and experimental data to evaluate relationships between the textures and sizes of pyroclasts and the processes that shape them, with emphasis on the role of permeability. In (mafic) scoria, the important competition that determines preserved vesicularity is between gas escape and magma expansion by bubble growth; post-fragmentation expansion occurs rapidly until the permeability increases substantially. In (silicic) pumice, the competition is between gas escape and fragmentation by bubble overpressure; sufficiently permeable regions allow gas escape although high viscosity hinders further expansion. Thus the preserved vesicularity of both pumice and scoria is controlled by the permeability threshold, the vesicularity at which there is an abrupt increase in permeability over a small increase in vesicularity, which appears to be ∼70-80%. High permeability thresholds may also explain the high fine ash content of silicic Plinian eruptions. At the local scale, magma ruptures because of stresses in viscous melt around expanding isolated bubbles. Local control is illustrated by the correspondence between the size distributions of the ash and of bubbles in individual pumice clasts of the 1980 Mount St. Helens Plinian eruption: the medians and modes for grain and bubble sizes are of order tens of microns, and fractal dimensions are similar (3.1-3.2 for grains; 3.4 for bubbles). Fractal dimensions for total grain size distributions and bubble size distributions in pumice from other silicic eruptions are similar (3.0-3.2, 2.9-3.9, respectively) and larger than generated by crushing and grinding rocks. This suggests that fragmentation efficiency depends on the balance between rates of magma decompression (overpressurization) and gas escape, which explains relationships between ash content and eruption rate. In summary, the vesicularity distribution of pyroclasts places important constraints on the permeability threshold of expanding magma, whereas the whole deposit grain size distribution of pyroclastic deposits places critical limits on the permeability structure of the magma at the point of fragmentation.
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Introduction
[2] An ongoing challenge in volcanology is to relate conditions of magma ascent to eruption style using information preserved in pyroclastic deposits. This approach assumes, with justification from theoretical and experimental studies, that factors such as magma viscosity, ascent rate and fragmentation mechanism affect measurable properties of pyroclasts, such as shape, vesicularity, permeability, bubble and crystal size distributions, as well as characteristics of the entire deposit (particularly the total grain size distribution). However, the physical characteristics of pyroclastic deposits are typically considered in isolation from detailed studies of individual pyroclasts. Moreover, as detailed studies of pyroclasts generally focus on cm-scale clasts, there is the potential for a sample bias toward properties that preserve larger clasts (and therefore limit fragmentation); this potential bias is of particular concern in deposits where most of the magma foam was obliterated to ash.
[3] Verhoogen [1951] first suggested a correlation between the kinetics of bubble formation and the proportion of magma that is fragmented to ash; Walker [1973 Walker [ , 1981 extended this concept by linking ash formation (fragmentation efficiency) to eruptive style. However, a theoretical basis for this relationship is not well established. Dynamic fragmentation models typically predict only a threshold criterion for fragmentation, using either a critical vesicularity [Sparks, 1978; Gardner et al., 1996; Kaminski and Jaupart, 1997] or a critical shear rate beyond which the liquid magma crosses the glass transition and behaves as a brittle solid [Dingwell, 1996; Papale, 1999] , and not the resulting grain size distribution. In contrast, experiments that constrain relationships between grain size characteristics and fragmentation overpressure [e.g., Spieler et al., 2004; Kueppers et al., 2006] consider initial vesicularity but not the dynamics of decompressionrelated vesiculation.
[4] Here we examine magmatic fragmentation by relating the physical characteristics of individual clasts (vesicularity, permeability, and vesicle size distributions) to the total grain size distributions from which those individual clasts are derived. We focus particularly on magma permeability and the relationship of permeability development to pyroclast preservation and to the timing and efficiency of fragmentation. Specifically, we propose that the development of a permeability threshold, that is, a threshold vesicularity at which there is marked increase in permeability, plays a critical role both in limiting bubble expansion and in preventing fragmentation of magma that is too viscous to expand. To explore these ideas, we first review data on magma percolation thresholds as constrained by percolation theory simulations, laboratory decompression experiments, and measurements of natural samples. We consider the reasons for apparent discrepancies in these data and then examine the role played by permeability in determining (1) the vesicularity of pyroclasts and (2) the total grain size distribution (TGSD) of pyroclastic deposits.
Pyroclast Textures and Eruption Conditions: A Review
[5] The past decade has seen a tremendous increase in detailed measurements of the physical properties of pyroclasts and pyroclastic deposits. In Figure 1 , we have compiled mean (or modal, depending on available data) melt vesicularity (volume of vesicles/volume of vesicles and melt; i.e., bulk vesicularity corrected for phenocryst and matrix crystal content) data for pyroclasts of relatively steady eruptions that range in composition from basalt to rhyolite (see Table 1 for data sources). This compilation does not include vulcanian eruptions, which typically erupt clasts of a wide range of vesicularities due to extensive pre-eruption degassing of relatively stagnant magma. We rank the data by reported mass eruption rate, although this provides the peak, not average, eruption condition. This compilation is striking because, although the data do show a minimum vesicularity of ∼65-70%, there is no apparent relationship between vesicularity and either mass eruption rate (MER) or bulk composition. We note that our data differ from the compilation of Gardner et al. [1996] , where mafic pyroclasts have lower vesicularities than silicic pyroclasts. The difference between these two assessments lies in the vesicularity measurements of mafic pyroclasts. H 2 O-rich mafic magmas often have abundant microphenocrysts [e.g., Sable et al., 2006; Johnson et al., 2008; Erlund et al., 2010] , which Gardner et al. [1996] did not include when correcting vesicularity for crystal content. From Figure 1 we conclude that, despite some evidence that clast vesicularity may be correlated with MER in individual eruptions [e.g., Houghton et al., 2010] , this relationship does not appear to be generalizable and, in most circumstances, it is not possible to deduce even the order of magnitude of eruption intensity from clast vesicularity.
[6] In contrast, there is a striking difference in the bubble populations that create that vesicularity as shown with photomicrographs in Figure 2 and bubble number density data in Figure 3 (see Table 1 for data sources). Silicic pumice clasts tend to have fairly similar textures comprised of a large number of very small bubbles (e.g., Figures 2a and 2b) , regardless of eruption volume or intensity (Figure 3a) . Vesiculation of silicic magma thus appears relatively insensitive to eruption intensity and magnitude, perhaps because of the high supersaturations required for bubble nucleation in these systems [e.g., Mangan and Sisson, 2000] . In contrast, mafic pyroclasts (e.g., Figure 2c ) have bubble number densities that increase with increasing eruption intensity [e.g., Mastin, 1997; Sable et al., 2006] (Figure 3b ). The most straightforward interpretation of this trend is that vesiculation in mafic systems occurs under near-equilibrium conditions, such that the rate of bubble nucleation is controlled by the rate of magma ascent (effective supersaturation), although detailed interpretations of bubble number densities should also take into account bubble coalescence. The exceptions to the overall trend are the relatively high bubble number densities that characterizes low energy episodic activity at Stromboli, Italy and Villarica, Chile [e.g., Lautze and Houghton, 2007 ; Figure 1 . Compilation of mean pyroclast melt vesicularity (volume vesicles/volume vesicles+glass) as a function of mass eruption rate (MER). Samples labeled "Rhyolite" have rhyolitic glass but bulk compositions (including crystals) from dacite to rhyolite. The melt vesicularities are calculated from reported bulk vesicularities (including the crystal volumes) and crystallinity. In most cases, both phenocryst and groundmass crystallinity were given for individual samples; where not reported individually, melt vesicularities were calculated from average crystallinities. Where density or vesicularity distributions were provided rather than individual sample values, a single value was used representing the mode of the vesicularity. Similarly, where MER estimates were given for each sampled deposit layer, the individual MERs are plotted; otherwise the peak MER for the entire deposit was used. The four basalt samples with melt vesicularity >90% are from the 122 BC Plinian eruption of Etna for which the reported groundmass crystallinities are very high [Sable et al., 2006] . A possible explanation for these outliers is post-fragmentation groundmass crystallization. Data sources and eruption dates are listed in Table 1 . Figures 2a and 2b show low-crystallinity pumice from the 7700 b.p. climactic Plinian eruption of Mount Mazama (Crater Lake), United States [Klug et al., 2002] . Figure 2c shows low crystallinity basaltic clast from the ca. 1800 AD Kaupulehu eruption, Hawaii [Kauahikaua et al., 2002] . Figure 2d shows crystalrich basaltic pyroclast from a 1974 vulcanian eruptions of Fuego Volcano, Guatemala [Rose et al., 1978] . Gurioli et al., 2008] . This discrepancy can be explained by the tendency of these crystal-rich and near-static magmas to trap small bubbles within dense crystal networks [Belien et al., 2010] .
[7] Additionally, there is a pronounced difference in the total grain size distributions (TGSDs) of the deposits in which these pyroclasts are found. Figure 4 shows a compilation of TGSDs from fall deposits that represent a range of eruptive styles and intensities (plinian, subplinian, vulcanian, violent Strombolian, Strombolian, and Hawaiian) (Table 2 ). Regardless of eruption style and deposit type, sorting during transport and settling means that the TGSD of pyroclasts generated by an eruption cannot be assessed from the grain size distribution of any single sample, and so each TGSD is based on compilation of grain size data from numerous locations [e.g., Carey and Sigurdsson, 1982; Bonadonna and Houghton, 2005] . The data are shown in Figure 4 as [8] To a first approximation, then, the contrasting characters of Figures 1, 3 , and 4 suggest that pyroclast vesicularity is independent of eruption style (excluding vulcanian eruptions) and fragmentation conditions, that bubble number density is sensitive to eruption intensity (magma ascent rate) for low crystallinity mafic magmas only (i.e., viscosity is important), and that the total grain size distribution (fragmentation efficiency) is strongly controlled by eruption conditions. Of these, pyroclast vesicularity has long been viewed as providing insight into the state of the magma at the time of fragmentation [e.g., Verhoogen, 1951; Sparks, 1978; Houghton and Wilson, 1989] , and thus the lack of correlation between vesicularity, eruption intensity, and TGSD is perhaps the most puzzling.
[9] As magma ascends (decompresses), bubbles of dominantly H 2 O and/or CO 2 nucleate and grow at a rate determined by the kinetics of vesiculation and the speed of decompression. Bubble formation and growth cause the magma to expand and accelerate; these two processes, expansion and acceleration, form the core of fragmentation theories. As noted above, there have been two proposed criteria for fragmentation: a critical vesicularity and a critical strain rate. The vesicularity criterion for fragmentation suggests that magma fragments when a critical vesicularity is attained; in silicic Plinian eruptions the vesicularity criterion has variously be placed at 60% [Kaminski and Jaupart, 1997] , 64% [Gardner et al., 1996] and 75-83% [Sparks, 1978] based on the observed range of vesicularity in preserved pumice clasts. The lower values derive from the minimum preserved vesicularities; this minimum limit assumes that higher preserved vesicularities record postfragmentation expansion prior to quenching. The strain rate criterion for fragmentation derives from experimental studies that show a threshold in deformation properties (from ductile to brittle) at high strain rates [Webb and Dingwell, 1990] . Both fragmentation criteria require ascending magma to expand until the point of fragmentation, which requires that the volume of gas in the component bubbles increases by decompression and volatile exsolution faster than it escapes by permeable flow through pathways of interconnected bubbles [Klug and Cashman, 1996] . A permeability criterion for fragmentation further suggests that (1) the size and abundance of pumice clasts in a deposit should reflect the permeability structure of the bulk mixture at the time of fragmentation; (2) the size and abundance of ash in a deposit should reflect the bubble size distribution of isolated (nonpermeable) bubbles; and therefore (3) the vesicularity of preserved clasts provides important information about the Figure 3 . Bubble number densities plotted as a function of mass eruption rate for (a) silicic and (b) mafic eruptions. Note the dramatic increase in bubble number density with increasing eruption intensity for most of the mafic sample suites. Exceptions include Stromboli and Villarica, which erupt crystal-rich pyroclasts from near-static magma columns under conditions of persistent degassing and eruptive activity; the high number density of small bubbles in these samples probably represents trapping of small bubbles within the crystal mush [e.g., Belien et al., 2010] . Data sources and eruption dates are listed in Table 1. development of permeable pathways within vesiculating magma. We explore these relationships below.
Permeability Thresholds and Vesiculation
[10] Much like a hole in a balloon can make it impossible to further inflate, the development of permeability will drastically slow magma expansion despite continued decompression and volatile exsolution. We hypothesize that magma is preserved as (silicic) pumice or (mafic) scoria when it is too permeable to either continue expanding or fragment. A corollary to this hypothesis is that the vesicularity () of most pumice and scoria clasts will be similar to the threshold vesicularity at which there is an abrupt increase in permeability. The location of the permeability threshold, known as the percolation threshold in percolation theory (which has the additional constraint that the permeability is zero below the threshold vesicularity), has been variably placed at ∼ 30% (from numerical simulations [e.g., Garboczi et al., 1995] ), ∼60% (from measurements on obsidian flows [Eichelberger et al., 1986] ), ∼70% (from numerical simulations of systems with power law bubble size distributions [Gaonac'h et al., 2003] ), and 60-80% (from decompression experiments [Namiki and Manga, 2008; Takeuchi et al., 2008 Takeuchi et al., , 2009 ). Below we review and unify these seemingly contradictory data and consider their relevance to permeability development during magma decompression.
Percolation Theory
[11] Percolation theory predicts that vesiculating magma will be impermeable until the vesicularity, , reaches a threshold value c (the percolation threshold), at which point the bubbles form an interconnected network [e.g., Blower, 2001] . When is slightly greater than c , permeability (k) increases rapidly with increasing following a power law relationship:
Figure 4. Total grain size distributions (TGSDs) for pyroclastic deposits produced by eruptions that range in composition from basaltic to rhyolitic, and in style, grouped as Hawaiian-Strombolian, VulcanianViolent Strombolian, and Plinian-subPlinian. Intersections of TGSD with the dashed line indicate median grain sizes by mass. Data sources and eruption dates are listed in Table 2 . where b depends on pore geometry [e.g., . Standard percolation theory shows that if uniform spheres are placed randomly in a much larger sample volume and the spheres are allowed to overlap (connect), then a cluster of touching and overlapping spheres will span the sample volume at = c = 28.5 vol% [e.g., Sahimi, 1994] . For this reason some studies have assumed that magma becomes permeable at ∼ 30% [e.g., Candela, 1991; Polacci et al., 2008] , and others fit permeability data from pyroclasts to a power law k () relationship with c ∼ 30% [e.g., Mueller et al., 2005; Saar and Manga, 1999] . However, numerical simulations also show that the percolation threshold may be reduced by bubble deformation into nonaligned prolate or oblate ellipsoids [Garboczi et al., 1995] , or when solid phases (crystals) occupy space that is not available to bubbles [Walsh and Saar, 2008] ; alternatively, power law bubble size distributions can substantially increase c [Gaonac'h et al., 2003] .
Permeability in Experiments
[12] Recent decompression experiments, using both rhyolite melt [Takeuchi et al., 2005 [Takeuchi et al., , 2008 and bubblebearing corn syrup with viscosity comparable to basalt [Namiki and Manga, 2008] , provide important insights into permeability development in vesiculating magma. An advantage of laboratory experiments is that the composition and decompression history of the magma or analog material are known and controlled. Experimental results indicate permeability thresholds that exceed 65% ( Figure 5 ). These high permeability thresholds can be explained using kinetic arguments when rhyolite is decompressed at extremely rapid rates (>4 MPa/s) [e.g., Takeuchi et al., 2005 Takeuchi et al., , 2008 , because high supersaturations and resulting bursts of homogeneous bubble nucleation are expected to limit time for coalescence and delay permeability development Sisson, 2000, 2005] . However, differences in decompression rate alone cannot account for the high permeability threshold observed in laboratory decompression experiments. For example, Takeuchi et al. [2009] decompressed hydrous rhyolite (4.7 wt% H 2 O) from 180 MPa to 5-30 MPa at constant rates of 0.002, 0.005 and 0.05 MPa/s, which overlap with decompression rates estimated for effusive eruptions. In these experiments, all samples with ≤ 78% were almost impermeable (k < 10 −15 m 2 ); additionally, although more coalescence was observed at slower decompression rates, the bubble coalescence was local and thus increased the average bubble size and heterogeneity of bubble size distributions without generating span-wise vesicle connectivity. Then k increased by two orders of magnitude as the porosity increased from 78 to 80% (Figure 5b ). Concurrent with the abrupt permeability increase was an abrupt increase in the connected porosity (as opposed to isolated, unconnected bubbles) measured by water impregnation, which indicates that full connectivity of the gas phase was achieved. . Permeability (k) versus vesicularity () for natural samples (circles and squares), and experiments (triangles; white triangles represent experiments where the permeability was less than the detection limit and so actual permeabilities plotted are maxima as indicated by downward arrows). (a) Permeability of mafic vesicular pyroclasts as a function of bulk vesicularity (volume vesicles / total volume of vesicles, glass and crystals): Stromboli scoria [Mueller et al., 2005] and Stromboli "biondo" [Mueller et al., 2008] and scoria from cones of central Oregon [Saar and Manga, 1999] . Black curves are fits to the data with equation (1) for three percolation thresholds. Triangles mark permeability data from decompression experiments of syrup [Namiki and Manga, 2008] . (b) Permeability of rhyolite dome and pyroclast samples from Inyo Domes (squares [Eichelberger et al., 1986] ), and pumice of the climactic air fall of the 6845 BP eruption of Mt. Mazama (circles [Klug and Cashman, 1996] ). Triangles are data from decompression experiments with rhyolite melt . All curves in this figure are equation (1) with b = 2, except for the 3 black curves in Figure 5a where b was a fit parameter (minimizing squared residuals in k) with b = 2.8, 4.7, 9.7 for c = 40, 30, 0 with R 2 = 0.89, 0.91, 0.91, respectively.
Permeability of Natural Samples
[13] The permeability threshold of magma depends not only on the geometry of the bubble populations, but also on the rates of film thinning and rupture required to form apertures between adjacent bubbles. To characterize permeability thresholds, we examine the limited porosity and permeability data available for suites of natural samples that span the threshold interval.
[14] Permeability development in mafic magma is illustrated by permeability data for basaltic scoria from Stromboli, Italy [Mueller et al., 2005 [Mueller et al., , 2008 and cinder cone eruptions of central Oregon [Saar and Manga, 1999] . These data show that permeability increases by over two orders of magnitude as the porosity increases from about 45 to 70% (Figure 5a ). Although a power law relation with c ∼ 30% fits these data [Saar and Manga, 1999; Mueller et al., 2005] , c is not uniquely constrained and we conclude that the only robust constraint on permeability threshold provided by these data is that c < 46%, the porosity of the least-vesicular sample. Similarly, permeability measurements on a suite of breadcrust bomb samples from Guagua Pichincha volcano [Wright et al., 2007] constrain the permeability threshold to <40% for slow expansion of this dacite magma. An important observation about these basalt scoria and dacite bomb samples, however, is that all except the most vesicular sample from Stromboli are highly crystalline (>25%) and thus the permeability threshold would be higher if vesicularity were calculated for a crystal-free liquid [Melnik and Sparks, 2002; Walsh and Saar, 2008] . That vesicle growth was affected by smaller groundmass crystals is illustrated by the complex, multilobate bubble shapes that are commonly seen in scoria (e.g., Figure 2d ).
[15] There are considerably more data on the permeability of silicic than mafic samples. However, Plinian pumice clasts typically have high vesicularities (Figure 1 ) and permeability data tend to cluster at k ∼ 10 −12±1 m 2 (Figure 5b ). A unique sample set of Obsidian Dome rhyolite was obtained by drilling; these samples, which cover a wide range in vesicularity, define a permeability threshold of about 60% vesicularity [Eichelberger et al., 1986] (Figure 5b ). Unfortunately, however, this threshold is defined by only a few samples and there is no accompanying textural information. Lower permeability thresholds for natural sample suites of low-crystallinity silicic pyroclasts are observed in data sets with samples that have textures indicative of partial bubble collapse [e.g., Rust and Cashman, 2004; Mueller et al., 2005] , where k () is likely hysteretic with respect to expansion versus collapse [Rust and Cashman, 2004; Michaut et al., 2009] .
[16] The paucity of natural data available to constrain the permeability threshold for primary vesiculation of magma is not surprising given the very small vesicularity interval over which the rapid increase in permeability occurs. The corollary of this observation, however, is that this rapid permeability increase will drastically limit bubble expansion beyond this threshold. In fact, samples of crystal-poor silicic pumice rarely have porosities <70% [e.g., Klug and Cashman, 1996; Mueller et al., 2005; (Figure 5b ), which suggests that the permeability threshold for these samples must also be ≥70%. This interpretation is supported by the high permeabilities (log k = −12 ± 0.5 m 2 ) of all silicic pumice samples (crystal-poor and crystal-rich) from (sub)Plinian fall deposits, which indicate that the permeability threshold had been exceeded. Moreover, studies that quantify sample crystallinity, in addition to vesicularity, show a similar porosity threshold for the melt phase of crystal-rich pumice samples [e.g., Bouvet de Maisonneuve et al., 2009].
Combining Observations, Experiments and Theory
[17] The discrepancy between permeability thresholds from percolation theory ( c ∼ 30% for randomly placed monodisperse spheres), the high permeability thresholds observed in decompression experiments ( c > 70%), and the high porosity of crystal-poor pumice samples ( > 70%) suggests that standard percolation theory does not adequately model key aspects of magma vesiculation. In particular, it does not take into account either the bulk volume increase during vesiculation or the time required to thin the films that separate individual bubbles. In percolation theory, spheres (or ellipsoids) are randomly placed in a volume, with the analog bubbles effectively replacing melt (and portions of other bubbles if the bubbles overlap). This approach seems reasonable for modeling crystallization where crystals have similar density to the melt, melt volume is replaced by crystal volume, nucleation is often heterogeneous, and touching crystals can adhere or otherwise impede motion. In contrast, bubble formation within vesiculating magma changes the volume (and density) of magma as each growing bubble pushes surrounding melt and bubbles away from its center. Furthermore, gas percolation through a foam requires not just that spanning networks of bubbles (almost) touch but also that the neighboring bubbles begin to coalesce and create apertures in the melt films between bubbles. There has been some attempt to account for bubble coalescence in numerical simulations; for example, Blower [2001] requires that simulated bubbles overlap by some prescribed degree before they are considered connected for gas flow. However, the extent of bubble overlap required to account for actual coalescence delay is unclear, and the assumption of stationary bubble positions is still unrealistic. In short, the ∼30% threshold obtained from standard percolation theory provides only the minimum allowable porosity at which connected bubble networks may (theoretically) form during vesiculation.
[18] There are numerous examples showing that bubblebearing fluids can reach > 30% without becoming permeable. Natural and synthesized closed-cell (non-permeable) foams abound in materials where liquid films are stabilized either by surfactants (e.g., soap foams and beer head) or by high fluid viscosities (e.g., popcorn, insulating foam, expanded graphite); these foams commonly reach porosities in excess of 50%, and may reach porosities >90% without span-wise pore connectivity [e.g., Celzard and Marêché, 2002] . Therefore it is not extraordinary that vesiculating magma will also have percolation thresholds that are both variable and much greater than 30%, particularly when magmatic foams may contain both bubbles and crystals with different shapes, sizes and size distributions.
[19] One example of a discrepancy between experiments, theory and natural samples is provided by scoria clasts with moderate vesicularities ( ≥ 46%) that have well-connected pores and are permeable (k ∼ 10 −13 m 2 ), yet decompression experiments of syrup of comparable viscosity [Namiki and Manga, 2008] suggest a permeability threshold at about = 70% ( Figure 5 ). Here the high (typically 25-30%) microphenocryst content of most mafic scoria [e.g., Sable et al., 2006; Erlund et al., 2010; Johnson et al., 2008] probably lowers the apparent porosity of the permeability threshold because connected bubble pathways can form only within the melt [Melnik and Sparks, 2002; Walsh and Saar, 2008] . In fact, pyroclasts produced by eruptions of crystalpoor basaltic melts of Hawaii typically have high porosities (>70%; Figure 1 ).
[20] Another control on permeability thresholds in natural systems is the shearing that occurs within volcanic conduits [Okumura et al., 2009] . Shear deforms bubbles [Rust and Manga, 2002] and anisotropic bubble shapes can reduce theoretical percolation thresholds [e.g., Garboczi et al., 1995] . Of greater significance, however, is shear-induced bubble coalescence. Torsional deformation experiments on bubble-bearing rhyolite melt [Okumura et al., 2006 [Okumura et al., , 2008 [Okumura et al., , 2009 demonstrate that simple shear can enhance bubble coalescence for vesicularity as low as 20%, can reduce permeability thresholds to 30-40%, and can increase permeability by several orders of magnitude at = 60%. Evidence for pervasive shear in natural systems includes descriptions of pumice samples as 'frustratingly' heterogeneous and ubiquitous microscopic shear zones ( Figure 6 ) within pumice that is macroscopically isotropic [e.g., Klug and Cashman, 1996; Klug et al., 2002; Wright and Weinberg, 2009] . Also common are tube pumice samples that show both extensive bubble elongation and elevated permeabilities along elongation directions [Wright et al., 2006 ] that has been interpreted as evidence for shear along conduit margins. However, the general dominance of macroscopically isotropic pumice over tube pumice in pyroclastic deposits (particularly in fallout deposits) suggests that most magma is not substantially affected by conduit margin shear, perhaps because the shear-thinning effect of bubbles on magma rheology concentrates strain into narrow marginal zones [e.g., Llewellin and Manga, 2005] .
Pumice Vesicularity Records the Permeability Threshold
[21] In the discussion presented above, we show that the permeability threshold is not a single number, but instead may be a function of a number of variables, including expansion rate, melt viscosity, shear stresses, and the presence of other phases. Here we argue that, under many conditions, the vesicularity of pyroclasts provides a good approximation of the permeability threshold. We start by returning to the limited range of pyroclast vesicularity illustrated by Figure 1 .
[22] One way to view these data is to assume that pyroclast vesicularity is determined by the time available for postfragmentation expansion prior to quenching [e.g., Thomas et al., 1994; Gardner et al., 1996; Kaminski and Jaupart, 1997] . In the absence of permeable gas escape, postfragmentation pyroclast expansion can be substantial for melt viscosity less than about 10 5 -10 6 Pa s. For higher viscosities, expansion slows and is effectively prevented for viscosity greater than 10 9 Pa s. In fact, Thomas et al. [1994] concluded that rhyolite pumice from Bishop, Taupo and Minoan Plinian eruptions could expand from = 60% to the typical pumice vesicularities of 78% in less than a second after fragmentation. From this calculation they inferred rapid clast cooling by entrained air to prevent pumice expansion beyond the range of vesicularities observed in the deposits. However, their assumption that the magma is impermeable means that calculated magma expansion times are minima. Moreover, although subsequent evidence from pumice oxidation [Tait et al., 1998 ] indicates that fragmented clasts remain at high temperatures for much longer than the expansion times calculated by Thomas et al. [1994] , these calculations demonstrate that expansion of basaltic magma, or rhyolite magma with substantial water still dissolved in the melt (∼1.5 wt%) [e.g., Hort and Gardner, 2000; Blundy and Cashman, 2005] , is too rapid to be limited by cooling if the magma is effectively impermeable. From this we conclude that impermeable fragments generated during magmatic Plinian eruptions could expand to at least the vesicularity of the permeability threshold before quenching.
[23] To summarize, the rarity of low-crystallinity pumice with < 70% in the deposits of relatively steady silicic eruptions, combined with evidence of permeability thresholds greater than 70% in laboratory decompression experiments, indicate both a percolation threshold near 70% and a rapid increase in permeability at the percolation threshold that limits expansion beyond this vesicularity. We therefore conclude that pumice vesicularity provides an approximate measure of the permeability (and percolation) threshold in vesiculating magma, and, as a corollary, attainment of the permeability threshold must be approximately coincident with fragmentation under most eruption conditions.
Beyond the Permeability Threshold
[24] The analysis presented above provides a general explanation for the limited range of pyroclast vesicularities observed in eruptive deposits but does not explain the Figure 6 . Scanning electron microscope image of a pumice clast from Monte Pilato (Italy) that illustrates local variability in bubble shape and size possibly caused by small-scale differences in bubble expansion and gas escape properties. Vertical dimension is 97 microns.
variations in vesicularity and pumice textures that have been abundantly described in the literature. To address more subtle aspects of clast degassing, we need to examine the evolution of pumice textures beyond the permeability threshold. Our discussion revolves around concepts of local versus bulk permeability. Magma permeability is measured as a bulk property averaged over a representative volume that quantifies the ease of gas percolation through the pore space. However, gas will flow through some pathways more easily than others. Additionally, some bubbles will remain isolated after sample-spanning networks have formed. These local variations in permeability can explain both increases and decreases in vesicularity after the permeability threshold has been reached.
[25] Expansion can continue after the permeability threshold is reached either when there are isolated bubbles, including new bubbles nucleating and growing in melt pockets between larger bubbles [e.g., Mangan and Cashman, 1996; Polacci et al., 2009; Lautze and Houghton, 2007] , or if the rate of gas expansion in response to decompression and exsolution exceeds the rate of gas escape by permeable flow. To illustrate the latter effect, we compare the characteristic timescale for gas escape by permeable flow, R 2 gas DPk , to the timescale for expansion, melt DP , where R is the radius of the clast, DP/R is the pressure gradient driving gas out of the sample, and m gas and m melt are the gas and melt viscosities. Gas escape will dominate expansion for
as illustrated in Figure 7 for m gas = 10 −5 Pa s and a range of melt viscosities. In Figure 7 , each diagonal line separates conditions where gas escape dominates from conditions where bubble growth dominates for a particular melt viscosity, based on equation (2). Although equation (2) provides only order of magnitude estimates, it illustrates the importance of both melt viscosity and magma permeability in determining clast vesicularity. It also suggests that the maximum vesicularity of clasts depends not only on k() but also on both the melt viscosity and the size of the fragments generated by the initial breaking apart of the magma.
[26] The role of melt viscosity is illustrated by comparison of pyroclast textures with predictions of equation (2). Typical basaltic eruptions are dominated by clasts of centimeters or larger in size ( Figure 4) ; Figure 7 shows that expansion dominates for m melt = 100 Pa s and permeability of k = 10 −12 m 2 , consistent with textural evidence for expansion of low crystallinity basaltic clasts in Hawaiian fountains [Mangan and Cashman, 1996; Stovall et al., 2010] . However, Figure 7 predicts that gas escape will dominate over expansion even for the highest permeability scoria clasts (Figure 5a : k = 5.65 × 10 −11 m 2 ; m melt = 100 Pa s) when the clast radius is less than a few centimeters (i.e., typical scoria clast sizes; c.f. Figure 4) . In contrast, the viscosity of rhyolite, even with 2 wt% dissolved water (e.g., m melt = 10 7 Pa s), is high enough that gas escape always dominates over expansion (up to clasts a meter in radius) assuming the permeability of typical pumice (k ∼ 10 −12 m 2 ). This calculation supports the argument made by Klug and Cashman [1996] that the important competition in permeable silicic magma is not between gas escape and expansion but rather between gas escape and overpressure, which can induce fragmentation. An important exception are bombs for which the larger size favors expansion over escape and also allows the center to remain hot for longer than lapilli [e.g., Tait et al., 1998 ]. In this case, post-fragmentation expansion is accompanied by extensive bubble coalescence, which is evidenced by large interior cavities, smooth aperture boundaries and remnant filaments of former melt films [Klug et al., 2002] . Pyroclasts that have experienced late-stage coalescence have polymodal vesicle volume distributions and high (85-90%) vesicularities [e.g., Whitham and Sparks, 1986; Klug et al., 2002; Stovall et al., 2010] .
[27] Just as an increase in bulk permeability slows bulk expansion, local variations in gas connectivity, where gas can flow through some gas pathways more readily than others, may produce different pressures and expansion rates of bubbles within vesiculating magma. Additionally, wellconnected bubble pathways may actually collapse if they have low internal pressures relative to adjacent bubble domains, even when the bulk magma is expanding. Evidence for this process may lie in localized bands of elongate (and in some cases cuspate) bubbles that are common in silicic pumice clasts [e.g., Klug et al., 2002; Gurioli et al., 2005; Houghton et al., 2010] . Another example may be that of Wright and Weinberg [2009] , who describe bands of small elongate bubbles that are interspersed around domains of subequant bubbles. Although they interpret these textures to represent shear localization, with bubble breakup generating smaller bubble sizes, their descriptions of "varied shear band orientation and shear sense that do not define a sample-wide kinematic pattern" suggest an alternative explanation involving differential bubble expansion: perhaps the complex variations in shear sense and band orientations formed when poorly connected bubble clusters expanded, Figure 7 . Conditions for gas escape by permeably flow through magma versus expansion of bubble by viscous deformation of surrounding melt (see text for details). Each straight diagonal line indicates the conditions for which the gas escape timescale and the viscous expansion timescale are equal for a given melt viscosity. Gas escape is favored by high magma permeability, short length scale for gas flow, and high melt (or melt+crystals) viscosity.
thereby driving shearing and bubble deformation in bands between these expanding clusters. This alternative explanation is based on the observation that bubble growth requires deformation of the melt around each bubble (and bulk volumetric strain). For this reason, a round bubble should not necessarily be equated with a low strain rate if the magma is expanding. Importantly, generation of such heterogeneous textures would require very complex heterogenous flow [e.g., Wright and Weinberg, 2009] if there were no differential bubble expansion.
Permeability and Fragmentation
[28] Bubble expansion increases magma vesicularity, accelerates magma ascent, and stresses the melt around bubbles, all of which may contribute to magma fragmentation, whereby bubbly magma is transformed into a gas phase with dispersed liquid or solid particles. Therefore gas escape due to magma permeability, which reduces the rate of bubble expansion, should affect the conditions required for magma fragmentation.
[29] Experiments, theoretical calculations and the observed angularity of pumice clasts all suggest that fragmentation in silicic Plinian eruptions occurs by brittle processes, where the melt breaks when either a critical bubble overpressure or strain rate is exceeded. Fragmentation by overpressure requires a decompression timescale that is shorter than the timescale for bubble expansion by viscous deformation of surrounding melt, whereas fragmentation by strain rate occurs if the reciprocal of the strain rate is shorter than the relaxation time of the melt. Theoretical and numerical studies of bubble overpressure generally consider pressure in individual isolated (not connected) bubbles [Barclay et al., 1995; Sparks et al., 1994; Lensky et al., 2004; Navon et al., 1998 ], whereas models of strain rate-induced fragmentation consider the strain rate on scales much larger than individual bubbles [Papale, 1999; Gonnermann and Manga, 2003] . However, if the strain rates on the bubble scale dominate, then critical stress and critical strain rate criteria are not fundamentally different: larger stresses generate larger strain rates in the melt around expanding bubbles. Also important are the potential role of viscoelasticity, which complicates predicted relationships between stress and strain rate [Ichihara, 2008; Ittai et al., 2010] , and the drastic increase in rhyolite melt viscosity with progressive water exsolution at ∼1 wt % H 2 O [Hess and Dingwell, 1996; Sparks et al., 1994] , which will both impede bubble expansion and generate large vertical pressure gradients (by conservation of mass; the flow does not slow down as the viscosity increases with height).
[30] If the magma is locally permeable at the time of fragmentation, high rates of gas loss by permeable flow will limit magma expansion (vesicularity; e.g., Figure 1 ); this will lower both resulting strain rates in the surrounding melt and overpressure within individual bubbles. Thus regardless of whether the most appropriate fragmentation criterion is critical vesicularity, strain rate or bubble overpressure, high magma permeability will impede fragmentation. The effect of permeability on fragmentation can be seen in unloading experiments [Mueller et al., 2005 [Mueller et al., , 2008 , where brittle fragmentation of high permeability samples requires larger pressure drops than for low permeability samples.
[31] To further explore the importance of magma permeability in fragmentation of high viscosity magma, we compare a timescale for gas escape to a decompression timescale that is the minimum needed to generate overpressure for fragmentation. In particular, we compare the timescale for degassing by permeable flow for a pressure difference (DP) of 1 MPa over a length scale L, to the timescale to generate an overpressure of 1 MPa in isolated bubbles by external decompression without bubble expansion (i.e., the endmember case of non-permeable and extremely viscous magma). The latter timescale is
where dP/dt is the decompression rate. For simplicity we consider only percolation of a "gas" (often actually a supercritical fluid) with the density and viscosity of H 2 O at 800°C at two pressures: 25 MPa (r gas = 53 kg/m 3 and m gas = 4.2 × 10 −5 Pa s) and 0.1 MPa (r gas = 0.20 kg/m 3 and m gas = 4.0 × 10 −5 Pa s). Note that during decompression, the gas viscosity remains nearly constant but the density decreases; this means that resistance to open-system degassing will diminish with ascent, even for constant magma permeability, if gas inertia is significant.
[32] Our analysis shows that gas escape is most effective for shorter length scales (smaller clasts), lower decompression rates and greater magma permeabilities (Figure 8a ). When the gas flow follows Darcy's law (the gas viscosity dominates resistance to percolation), the gas escape timescale is L 2 gas DPk ;
we assume m gas = 4 × 10 −5 Pa s. Under these conditions, a typical pumice permeability of k = 2 × 10 −12 m 2 and dP/dt = 1 MPa/s, yields comparable overpressure and gas escape time scales for L = 0.2 m; length scales are reduced for either lower permeabilities or higher decompression rates, and can be used to define limiting permeabilities for ash formation.
[33] However, if decompression is sufficiently fast, gas flow rates may be high enough that inertia may also be important in resisting flow through the magma pore space [Rust and Cashman, 2004] . Here
where DP/L is the gas pressure gradient, v is the volumetric flow rate of gas per unit cross-sectional area of magma, k is the viscous (Darcian) permeability and k 2 is the inertial permeability. Viscous and inertial effects on gas flow are combined in Figure 8b using a gas escape time of L/v, where v is determined from solving equation 3 with k and k 2 values from measurements on 2.54 × 2.54 cm cores of natural pumice [Rust and Cashman, 2004] (k = 2 × 10 −13 to 3 × 10 −12 m 2 and k 2 = 1 × 10 −9 to 2 × 10 −7 m). We know that these pumice clasts evaded complete fragmentation to ash during eruption; Figure 8b shows that the clast size and permeability range is consistent with gas escape rates sufficient to prevent overpressure-driven fragmentation for a length scale of several centimeters or less.
[34] To summarize, Figures 8a and 8b show that smaller pyroclasts are expected for faster decompression rates and lower permeabilities [e.g., Klug and Cashman, 1996; Mueller et al., 2005 Mueller et al., , 2008 . This analysis thus provides a general framework for relating the fragmentation efficiency to the physical state (vesicularity and permeability) of the magma at the time of fragmentation. Note however, that at the scale of individual bubbles, the larger-scale permeability of the magma is not a good measure of the local resistance to gas escape.
Permeability Controls on Total Grain Size Distributions
[35] The analysis above leads us to hypothesize that silicic magma preserved as pumice was too permeable to fragment and that primary ash forms from bubble overpressure in relatively low permeability magma. This hypothesis is consistent with the observation that eruptions of different intensity (and bulk composition) have similar pyroclast vesicularity ( Figure 1 ) and permeability ( Figure 5 ) but very different fragmentation efficiencies (Figure 4) . A corollary of this hypothesis is that the length scales of both isolated bubbles and connected bubble pathways within the magma at the time of fragmentation should constrain the total grain size distribution (TGSD) of the resulting deposit. In particular, we hypothesize that the size of ash, which are bubble-wall shards, will be of the same order of magnitude as the bubbles in the magma, extending the suggestion of Sparks and Wilson [1976] that ash particles finer than a few microns are rare because smaller bubbles cannot form.
[36] To test this corollary we compare the physical characteristics of the total grain size distribution of the pyroclastic deposit produced by the May 18, 1980 eruption of Mount St. Helens with the vesicle characteristics of individual pumice clasts from the deposit. The deposit is exceptionally well characterized, particularly in the smaller grain sizes, because of premature ash fallout by particle aggregation [Carey and Sigurdsson, 1982] . To quantify the grain size characteristics in a way that can be compared directly with the bubble population preserved in pyroclasts, we must convert mass distributions to particle number. We do this for the Mount St. Helens deposit using TGSD estimates (in mass %) from both Carey and Sigurdsson [1982] and Rose and Durant [2009] . We use component analysis [Carey and Sigurdsson, 1982] to estimate the bulk densities appropriate for each size class (see Table S2 of the auxiliary material), from which we calculate the number of grains in the size class.
1 Number-based cumulative distributions show power law behavior, with power law exponents (fractal dimensions, D) of 3.2 [Carey and Sigurdsson, 1982] and 3.1 [Rose and Durant, 2009, Figure 9] . These high power law exponents are similar to results from other studies [e.g., Kaminski and Jaupart, 1998 ] and indicate that the small particle sizes comprise the bulk of the deposit, consistent with the small (mass-based) median grain size of the Mount St. Helens TGSD (∼15 mm; Figure 4 ). However, there is an outstanding question of whether these particles are the result of primary or secondary fragmentation. Kaminski and Jaupart Figure 8 . Conditions for generation of gas overpressure of 1 MPa in isolated bubbles in a viscous magma (too viscous for significant bubble growth on the timescale of decompression) versus gas pressure release by gas escape through permeable magma during magma decompression (see text for details). Gas escape is favored by a short length scale (L) and slow decompression rate and high magma permeability. Each (a) straight or (b) slightly curved diagonal line indicates the conditions for which the characteristic timescale for generating a gas overpressure of 1 MPa equals the characteristic timescale for gas escape with pressure gradient 1 MPa /L for a particular magma permeability. In Figure 8a only the gas viscosity (4 × 10 −5 Pa s) is included in the resistance to gas escape and each line is for a different magma Darcian permeability (k). In Figure 8b both gas inertia and viscosity are taken into account and each line corresponds to the calculation using the pair of Darcian and inertial permeabilities from one of the seven pumice samples measured by Rust and Cashman [2004] . The gas viscosity and density employed for the gas escape timescale calculations correspond to H 2 O at 800°C at 25 MPa (black) or 0.1 MPa (gray). Note that the density of H 2 O at 800°C at 0.1 MPa is sufficiently low that its inertia can be neglected but at 25 MPa inertia dominates the gas escape time scale.
[1998] argued that the abundant fine particles must reflect secondary fragmentation, because the fractal dimension is substantially higher than that expect for brittle fragmentation [e.g., Turcotte, 1986; Kueppers et al., 2006] . However, this interpretation does not take into account the potential role of expansion of individual bubbles in the fragmentation process.
[37] To examine fragmentation under conditions of magma expansion, we compare the TGSDs above to bubble size distributions (BSDs) of selected pumice samples from the May 18, 1980, Mount St. Helens eruption [Klug and Cashman, 1994] . As noted by Rose and Durant [2009] , the TGSD and pumice BSD have approximately the same modes: the same size of particles and bubbles dominates volumetrically. We find that the medians and modes of the deposit grains (both mass-and volume-based) and the pumice bubbles are all within the range of 10-90 microns. When plotted as cumulative bubble number density, the BSDs are remarkably similar to the TGSD, and show power law size distributions with D values of 3.4, which is similar to, although somewhat higher than, those of the TGSDs (Figure 9 ). The similarity in medians and modes, and the high D values of both the TGSDs and BSDs compared to fragmentation theory for crushing and experiments decompressing static volcanic samples [Turcotte, 1986; Kueppers et al., 2006] , suggest that fine particles in the deposit are genetically related to the bubble population, thereby supporting the hypothesis that the initial bubble population exerted a primary control on the fragmentation process.
Furthermore, the observation that the power law exponent for the bubbles exceeds that of the particles is consistent with the concept that the larger pyroclastic fragments are formed by connected bubble networks rather than individual isolated bubbles (i.e. the largest clasts were not formed by the bursting of individual single large bubbles). Additionally, although bubbles preserved within pumice might have been modified by post-fragmentation expansion or coalescence, these processes would decrease, rather than increase, D values. Importantly, the reference volumes for TGSD (total volume of pyroclasts) and BSD (volume of vesiculefree pyroclasts) differ and therefore are expected to deviate with increasing grain size (i.e., when grains contain multiple bubbles).
[38] We are not aware of other silicic deposits where both the TGSD and BSDs are as well constrained as for Mt. St. Helens 1980. However, we can convert the TGSD data from Figure 4 into number density data in the same way that we converted the Mount St. Helens data (densities are listed in Table S2 of the auxiliary material). Figure 10 shows that these other deposits also have power law distributions with exponents (D values) of 3.0-3.2 (Table 2 ). Most data sets are slightly concave-down, which could be real or could reflect difficulties in fully representing the smallest (and to a lesser extent the largest) clasts of an eruption, as discussed by Kaminski and Jaupart [1998] . Available BSD data for silicic pumice clasts also show power law bubble size distributions with D > 3 (with one exception from a crystal-rich Vulcanian pumice deposit that has D ≥ 2.9; Table 3 ). We therefore conclude that the high measured D values for both TGSDs and BSDs is not an accident, but instead supports a direct relationship between the kinetics of vesiculation (which controls the BSD), the conditions under which the permeability threshold is reached (which controls the scale and geometry of developing pore pathways), and the conditions and products of fragmentation (and resulting TGSD). Carey and Sigurdsson [1982] (C&S), and Klug and Cashman [1994] ; data sources are also listed in Tables 2 and 3 . Densities of clasts, based on Carey and Sigurdsson [1982] , are listed in Table S2 of the auxiliary material. Figure 10 . Power law TGSDs for Plinian and subPlinian eruptions shown in Figure 4 . Note the similarity in power law slope (D = 3.1-3.2) for these distributions ( Table 2) . The dotted line is the same power law fit to the Mt. St. Helens data with D = 3.2 as shown in Figure 9 . Data sources are listed in Table 2 ; clast densities are in Table S2 of the auxiliary material.
[39] To place these data in a different context, we contrast the TGSDs and BSDs of silicic deposits with those of Hawaiian fire fountains. Mass-based TGSDs have been estimated for the pyroclast deposit produced by the combined 17 phases of the 1959 eruption of Kilauea Iki [Parfitt, 1998; Richter et al., 1970] (Figure 4 ). For simplicity, we convert these mass data to clast numbers assuming a constant density of 2000 kg/m 3 . The resulting cumulative particle number distribution only shows a power law behavior for clasts smaller than 0.032 m, and the D value of 1.1 is much lower than for silicic deposits (Figure 11a ). Instead, it is well described by two different log linear distributions (Figure 11b ). When deformed, low viscosity melt tends to flow rather than break brittley into pieces; for this reason, fragmentation in Hawaiian fire fountains is most likely caused by instabilities within the accelerating fluid [e.g., Mangan and Cashman, 1996; Shimozuru, 1994] . This fragmentation mechanism has been demonstrated experimentally [Kaminski and Jaupart, 1998; Zimanowski et al., 1997] , where fluid instabilities also generate up to three different populations of particles with log linear distributions.
[40] Inspection of bubbles preserved in basaltic fountain pyroclasts from Phase 1 of the 1959 Kilauea Iki [Stovall et al., 2010] and the 1984-1986 Pu'u 'O'o eruptions [Mangan and Cashman, 1996] shows (1) that bubble size distributions for the two eruptions differ substantially, (2) that neither resembles the Kilauea Iki TGSD, and (3) that neither follow the simple power law distribution seen in silicic pumice (Figures 11c and 11d) [see also Shimano and Nakada, 2006; Mattsson, 2010] . First, the difference in bubble size distributions is consistent with bubble number density data shown in Figure 3 . The Kīlauea Iki eruption involved higher mass eruption rates (as recorded by both high fire fountain heights and high bubble number densities, [e.g., Stovall et al., 2010] than the Puu Oo episodes sampled by Mangan and Cashman [1996] . As illustrated above, more rapid ascent of basaltic magma generates more small bubbles (higher nucleation rate), consistent with the numerous small bubbles [Mangan and Cashman, 1996] and the rinds and interiors of three clasts from Phase 1 of the 1959 Kakauea Iki eruption [Stovall et al., 2010] .
preserved in the Kīlauea Iki samples (Figures 11c and 11d Mangan and Cashman, 1996] . Finally, the absence of simple power law distributions in both the BSDs and the TGSDs is a direct reflection of the complex bubble nucleation, expansion, and coalescence history (i.e., point one) and the fragmentation process (e.g., point two) [Kaminski and Jaupart, 1998 ]. From these observations we conclude that fragmentation is not directly controlled by the isolated bubble population in Hawaiian fountains as it is in typical silicic (sub)Plinian eruptions.
[41] More TGSD-BSD data sets of both silicic and basaltic eruptions are required to test the hypotheses presented here. TGSD are time-consuming to assemble and often limited by exposure; for this reason, it would be convenient if fragmentation efficiency (e.g., D values) could be assessed from the analysis of individual sites as proposed by Perugini et al. [2011] in a study of basaltic samples from a dissected cinder cone. However, we are cautious of this approach because it is not clear how much the local grain size distribution is affected by sorting in the air and by grain-size segregation during granular flow down the cinder cone.
Synthesis and Conclusions
[42] We started with basic observations about pyroclast textures and deposit grain size distributions (Figures 1, 3 , and 4) that raised fundamental questions about the role of vesiculation in controlling fragmentation of magma of different compositions and at different ascent rates. It has long been known that exsolving and expanding gases play a key role is driving volcanic eruptions [e.g., Verhoogen, 1951; Sparks, 1978] and that the permeability of magma and conduit wall rocks have important effects on the intensity and style of eruption [e.g., Eichelberger et al., 1986; Jaupart, 1996] . In this paper we have presented data and scaling arguments that examine the role played by permeability in both fragmentation efficiency and post-fragmentation expansion. We conclude that measured pyroclast vesicularities approximate the permeability threshold under most conditions, because (1) permeability increases rapidly for very small increases in porosity after span-wise bubble connectivity is achieved and therefore (2) bubble expansion beyond the permeability threshold is limited in most cases by gas escape (Figure 6 ).
[43] The relationship between permeability development and fragmentation is more complicated. Magma ascent drives volatile exsolution and vesiculation; bubble nucleation and growth causes the ascending magma to expand, thus accelerating magma ascent. Continued growth of bubbles in ascending magma requires that gas volume be generated faster than it escapes through interconnected bubble networks, but not so fast that the magma fragments to ash. Fragmentation can occur when (1) a critical overpressure within individual bubbles is exceeded because viscous forces limit bubble expansion (particularly when H 2 O loss drastically increases the melt viscosity and/or induces rapid crystallization that changes the magma rheology), or (2) a critical local strain rate is exceeded. Fragmentation may be brittle or ductile. Where fragmentation is brittle (silicic eruptions), magma permeability is key to preserving pumice clasts. Where fragmentation is ductile, permeability is not as important for fragmentation because bubble expansion will prevent substantial bubble overpressure. In both cases, however, pyroclast vesicularities should approximate (or slightly exceed) the magma permeability threshold. In the first case, the foam preserved as pumice is permeable at fragmentation and high melt viscosities hinder further bubble expansion; in the second case post-fragmentation expansion occurs rapidly only until the permeability threshold is reached, after which expansion is limited by gas loss as well as cooling.
[44] There are several interesting corollaries. As noted by Verhoogen [1951] , "differences in the behavior of erupting volcanoes may depend more on the kinetics of the processes involved than on original differences in composition, gas content, depth, etc." Differences in eruptive behavior then lead to differences in the resulting eruptive products. In explosive eruptions, these differences are commonly measured using the thickness and grain size distributions of the eruptive deposits [e.g., Walker, 1973; Pyle, 1989] . Alternatively, these differences may be tracked using the physical characteristics of erupted pyroclasts [e.g., Klug et al., 2002; Gurioli et al., 2005; Houghton et al., 2010] . Here we have shown that these two views can be linked through consideration not only of bubble size distributions (BSDs) and bubble number densities but also of total grain size distributions (TGSDs).
[45] The close correspondence in power law behavior of TGSDs and BSDs in silicic eruptions shows that the size distribution of the bubbles (and connected bubble pathways) exerts a first order control on the particle size distribution of the fragmented material. For this reason, fragmentation of vesiculating magma generates very different grain size distributions than fragmentation produced by crushing, grinding, or sudden decompression of static (not vesiculating) samples [e.g., Turcotte, 1986; Kaminski and Jaupart, 1998; Kueppers et al., 2006] . The kinetics of bubble nucleation are a direct function of volatile supersaturation, which is controlled by magma decompression rate [e.g., Toramaru, 2006] and surface tension Sisson, 2000, 2005] . This direct link between conditions of magma ascent and the resulting bubble population suggests that the former may be inferred from the latter if there are no kinetic barriers to nucleation (e.g., Figure 3b) . Finally, the competition between bubble nucleation and bubble growth (by either diffusion or expansion) determines the form of the bubble size distribution (e.g., unimodal, log linear, power law, etc.). Available data suggest that only crystal-poor viscous melts generate simple power law bubble size distributions with D > 3, much larger than predicted for 'Apollonian' packing schemes [e.g., Blower et al., 2001] . It seems likely that these high D values reflect rapid late-stage bubble nucleation because of large nucleation delays [e.g., Hurwitz and Navon, 1994; Mangan and Sisson, 2000] . In contrast, low kinetic barriers to bubble nucleation in low viscosity mafic melts produce more complicated bubble size distributions and bubble number densities that record ascent conditions.
[46] To conclude, measurements of the textures, permeability, and other physical properties of natural samples provide important insights into the permeability of magmas. The vesicularity (density) distribution of larger pyroclasts places important constraints on the permeability threshold of expanding magma, whereas the whole deposit grain size distribution of pyroclastic deposits places critical limits on the permeability structure of the magma at the point of fragmentation. The correspondence between bubble size distribution and ash size distribution for the 1980 Mount St. Helens Plinian eruption suggests that stresses on the bubble scale are integral to ash formation, and that detailed studies of individual well-constrained eruptive deposits could provide critical information about fragmentation processes. In contrast, the lack of correspondence between bubble size and grain size in Kīlauea fire fountain deposits underlines both the rapid evolution of the bubble population in expanding low viscosity melts and the absence of a direct connection between the bubble population and conditions of fragmentation. Importantly, however, we have focused only on end-member cases of crystal-poor rhyolitic and basaltic magmas. A wide spectrum of magma compositions and eruptive styles (and corresponding TGSDs, BSDs, and crystal size distributions) lies between these end-members and presents important challenges for obtaining a complete understanding of eruption dynamics. In the case of the fragmentation of a crystal-rich magma, both the sizes of crystals and bubbles likely affect the total grain size distribution.
